General rights Copyright for the publications made accessible via the Queen's University Belfast Research Portal is retained by the author(s) and / or other copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated with these rights. This paper details an innovative approach which enables the analysis of small area population change across four decades. Population surfaces are generated using small area data (enumeration districts or output areas) for each Census from 1971 to 2011 inclusive. The paper details the methods used in the creation of these surfaces, and discusses the rationale behind this approach, arguing that grids represent the most appropriate model for assessing population distributions. Methods for grid creation are tested using pre-existing population grids for Northern Ireland as a benchmark. The method developed is then applied to create population grids for the rest of the UK for 1971, 1981, 1991, 2001 and 2011. The changing population structures of small areas across these five time points are explored here to illustrate the value of this approach. The publically-available data resource -the final product of the 'PopChange' project -will facilitate exploration of long-term changes in populations over small areas. The paper argues that maximum advantage could be taken of the 'big data revolution' if such data were gridded in a similar way, allowing them to be placed in a longer-term historical context, using tools made available through the PopChange project.
Introduction
Analyses of change over time in small geographical areas are restricted by the availability of common variables and geographies (Martin, Dorling, & Mitchell, 2002) . Many such analyses use variables which have similar, but not identical, definitions, and results are then interpreted with the caveat that definitional and 'true' change are conflated to some degree. If there are differences in the size and/or shape of geographical zones used in such comparative analyses, then it is necessary to compare areas on a 'best fit' basis, or to transfer counts from the original (source) zones to a set of zones which are common for the time periods being compared. There are many reasons why analyses of long-term population change and, therefore, approaches for making datasets comparable over multiple years, are important. As an example, areas with a former dependency on heavy industry and subsequent industrial decline are often associated with poorer general health than areas where the labour market has remained buoyant (Stillwell, Norman, Thomas, & Surridge, 2010) . In this context, developing approaches which enable us to explore long-term health patterns over small areas would be invaluable. By measuring how much deprivation has increased in areas over several decades, or by identifying areas with stubbornly high levels of deprivation, we can begin to unpick how persistence or change in deprivation and in other characteristics of populations relates to key outcomes such as health status or educational attainment. We can also begin to evaluate policy and practice in local and national government. Intervention strategies have focused on targeting areas with particular social needs, but how far have these interventions altered the deprivation trajectories of neighbourhoods? The rationale for the development of locally-based strategies (e.g., see Broughton, 2016) can be more fully assessed using measures of deprivation for long time periods. This paper presents PopChange, a new resource for Britain for the period 1971 to 2011, which enables such questions to be answered. The resource developed is for Britain and the methodology is assessed using data for Northern Ireland, with the end result that comparable data are available for the whole of the UK (Britain and Northern Ireland). The paper also includes some case studies which illustrate its potential benefits; and some experimental results which support the approach to population surface creation finally adopted.
Previous research has sought to explore change in population characteristics over small areas of the UK and elsewhere. The 'Linking Censuses Through Time' project (Dorling, Martin, & Mitchell, 2001; Martin et al., 2002) sought to enable the comparison of 2001 Census data for Britain with data for . Norman, Rees, and Boyle (2003 reallocate population counts for 1991 to 2001 to a common set of zones (wards) using postcode centroid densities. Walford and Hayles (2012) detail a resource which provides an array of Census variables for common geographies from 1971 to 2001 for Britain. These studies are all based on consistent geographies for irregular zones, while the focus here is on surfaces, which have the advantage of removing reliance on any zonal system developed based on the population distribution at one particular time point. Martin (1989 Martin ( , 1996 outlines a kernel estimation method for the creation of population surfaces (gridded population values) from standard output geographies comprising spatially and temporally irregular zones, thereby allowing direct comparison of data for different time periods. Martin's method has been tested using gridded population data for Northern Ireland (Martin, Lloyd, & Shuttleworth, 2011) . Another approach based on smoothing using distance decay functions is detailed by Deng, Frantz, and Araoz (2017) . Other methods for generating grids from irregular source data include pycnophylactic interpolation (Tobler, 1979) , dasymetric approaches (e.g., Kim & Yao, 2010; Mennis, 2003) and geostatistical (kriging-based) methods (Goovaerts, 2008; Kyriakidis, 2004) . Grid modelling is a specific variant of areal interpolation; reviews of areal interpolation methods (but not focusing on generation of grids) include Flowerdew and Green (1994) , Gregory and Ell (2005) and Lloyd (2014) .
Gridded counts offer several significant advantages over irregular zones and, in some countries, gridded population data are provided. In Northern Ireland, 1 km and 100 m cells containing an array of variables were published as outputs from all Censuses from 1971 to 2011 inclusive. In Britain, gridded counts were produced in 1971 but not for later Censuses. The 1971 counts were used to create the Census Atlas of Britain (CRU/OPCS/GROS, 1980). Gridded counts for Britain were not produced for the 1981 Census largely on the grounds of cost and "users were asked to pay for the grid referencing of the household records and this led to a proposed charge by OPCS of seven and a half times that for standard areas, such as EDs" (Denham & Rhind, 1983, p. 56) . A general argument for not providing gridded counts is that it avoids the possibility of accidental data disclosure through the differencing of counts for gridded and statutory census geographies (Duke-Williams & Rees, 2002) . Outside of the UK, gridded population data are available in several countries including Estonia, Finland, the Netherlands and Sweden. Eurostat, the agency responsible for production of EU-wide statistical information, requires that member states provide gridded total population grids 1 and for those countries which do not provide gridded outputs as standard (e.g., the UK, at least for the duration of its membership of the EU) these must be estimated. Population grids have been developed in many other national contexts, including in the USA (Mennis, 2003) , and across Europe (Batista e Silva, Gallego, & Lavalle, 2013; Gallego, 2010) . Estimated grids are developed and assessed for three countries (Vietnam, Cambodia, and Kenya) by Stevens, Gaughan, Linard, and Tatem (2015) . Recent examples for Britain are 2011 population grids developed by Murdock et al. (2015; covering England and Wales) using Census, postcode and building data, and the Britain-wide grid produced using Census and land cover data by Reis et al. (2016) .
All areal data are subject to the modifiable areal unit problem (MAUP) whereby the results of analyses are a function of the size and shape of areal units (Openshaw, 1984; Openshaw & Taylor, 1979; Wong, 2009 ). However, with grids the analyses are simplified as all units are of the same size and shape, and scale effects can be explored through simple aggregation of cells. In addition, a population grid 'smooths' out spatial population discontinuities which are an artefact of the underling arbitrary statutory geographies. More generally, grids represent populations which are arguably more true to the real world, and where there are no people there may be no cells (as with the approach applied here) -unlike standard areal data which tend to cover all land areas in the study region. This is of particular value in any studies which seek to assess interactions between areas, or clusteringthere is likely no social meaning in a cluster which includes neighbouring zones whose shared boundaries are actually entirely unpopulated. Data on irregular zones are often constructed based on administrative criteria or statistical characteristics (e.g., population homogeneity) and grids avoid, to some degree, the potential subjectivities involved in the design of standard output geographies. Grids allow assessment of change without using a set of irregular zones which were designed for one particular Census year -thus suburban areas at the edge of large cities may have been represented by large zones in 1971 but small zones in 2011 as their population densities grew. They allow straightforward assessment of changes in results with changes in scale -their size and shape are constant and they can be aggregated to explore how (for example) the clustering of population groups changes as the spatial resolution is coarsened. In addition, the availability of gridded population counts opens up the wide array of possibilities offered by image processing methods (e.g., see Sonka, Hlavac, & Boyle, 2015) . Other researchers have made cases for gridded population data (e.g., Martin, 1996) . An obvious additional benefit of population grids is that they are flexible and they can easily be compared to other grid models including environmental data (Gallego, 2010) . This paper details an approach to the generation of population grids using Census data for 1971, 1981, 1991, 2001 and 2011 The gridded data made available have been generated from population data for each Census for the smallest areal units available (enumeration districts or output areas, depending on the year), with postcode centroid intensities used to help reallocate counts from input zones to output grids. The population surface modelling procedure was developed using Northern Ireland as a test case since counts for small area irregular zones and grids are available.
The data used are set out next: the data for the Northern Ireland benchmark study are detailed first, followed by the data for Britain. Next, the basic method for population surface modelling adopted is outlined, followed by some potential variants. Following this, the results of testing of the variants using data for Northern Ireland are summarised. The analyses of grids derived for Britain are detailed next; gridded total population counts are provided as examples of how population grids for multiple time points can be beneficial for enhancing our knowledge of changing population geographies.
Data

Northern Ireland
In Northern Ireland (NI), gridded population counts have been provided since 1971 (see Shuttleworth & Lloyd, 2009 for a summary) and thus these represent an opportunity to assess the accuracy of estimated population surfaces based on irregular source zones for the same national context (UK) as the resource. As context for the main focus in this paper, 1 km grid cell population counts for 2011 in NI 2 are used as a baseline and small areas (SAs; n = 4537, mean population = 399)
1 http://ec.europa.eu/eurostat/statistics-explained/index.php/Population_grids.
2 http://www.nisra.gov.uk/census/2011/results/grid-square.html; provided using the Irish Grid reference system in metres.
as source zones, with postcode centroids used to reallocate counts from SAs to target grid cells. The errors of estimation are then explored by subtracting the estimated values from the observed values. This process was undertaken for counts of the population by religion (specifically number of persons identifying as Catholic by religion or 'religion brought up in') and by limiting long term illness (LLTI), as well as the total number of households. The counts of Catholics and person with an LLTI were selected on the basis of the very different degrees of spatial dependence they exhibited, with religion varying much more smoothly than LLTI (see Lloyd, 2010 for an analysis of the spatial structure of population variables in NI). This element of the analysis builds on work by Lloyd (2017) , who assessed the construction of population surfaces using land use data rather than postcodes. The latter provide more accurate estimates and, unlike land use data, are available for the early 1980s onwards; thus they were chosen for use in the present study.
Britain
The PopChange resource includes a wide range of variables which are comparable across all or some of the Censuses for 1971-2011 (see the project website for the full list). In the present paper, the focus is on total persons. This is used to highlight some key characteristics of the grid square resource and to demonstrate some of the ways in which the data can be analysed. Table 1 details the number of input (source) zones and the total population contained in the zones used as input to the grid creation process. The population base used in each case is also indicated. The 1971 base is all present plus visitors; the bases for other years are usually resident. Usual residence is generally defined as the address in the UK at which a person spends the majority of the time; in most cases this corresponds to a permanent or family home. The specific definition of usual residence varies between Censuses: for 1981, it is all present plus absent residents; for 1991 it is all present plus absent (with the addition of imputed wholly absent households). Note that the PopChange resource does not account for undercount in the 1991 Census (Dorling and Simpson, 1993) Walford and Hayles (2012) . In a discussion about UKlevel analyses, Walford (2002) notes a 3% difference across the study area in the total population for 1981 using the 1971 persons present base and the 1981 usual residents base; for 1991 the usually resident base (accounting for absent households) gave a total population count some 3% higher than the 1981 base. While the differences in population bases between Census years included in this study will affect results, the magnitude of the differences is likely to be small. Note also that totals in different Census area tables for the same year can vary because of adjustments made under the One Number Census scheme (Rees, Parsons, & Norman, 2005) . In this paper, population grids are generated for all Censuses from 1971 to 2011 inclusive for total persons. Fig. 1 summarises the main inputs to each grid, noting the need for pre-processing of Census and postcode data where postcodes were used to inform reallocation of counts, as described above. The source zones are enumeration districts (EDs; 1971 for Scotland) or output areas 2011 for England and Wales; . The data for 1971 and 1981, in particular, could not be used 'as is' and some modifications were required in these cases.
ED boundaries for 1971 are not digitally available, only ED centroids (as well as Thiessen polygons created from them). Therefore, the approach taken was to join 1971 ED centroids to 1981 EDs given that these small areas are the closest in date. More information on the procedure applied for processing data for each Census year is provided by Lloyd, Bearman, Catney, and Williamson (2017) .
Postcode centroids as proxies for population density
Previous research has shown that postcodes are a proxy for population density and that they therefore provide a suitable basis for reallocating population counts. Norman et al. (2003) use household counts for each postcode whereby the number of postcode centroids in an area of overlap between source and target zones is used to determine the proportion of the source zone population to be allocated to the zone of intersection. However, household counts/delivery points by postcode are not available for the 1971, 1981 and 1991 Censuses. Instead postcodes were weighted equally, allowing a consistent approach to be employed for all Census years, avoiding the complexity of alternative assumptions and variable estimation accuracy for each Census year. Other possible alternatives include splitting residential and workplace postcode centroids, or using postcode areas rather than centroids where these are available. Also, landuse data or urban/rural classifications could be used in combination with postcodes to inform reallocation of counts. Future work will test refinements to the present approach where appropriate data are available for some or all Census years.
Population surface generation
The transfer of population counts between incompatible geographies can be conducted using areal weighting. Areal weighting was used as the basis for exploring three approaches to the creation of grids: (i) basic areal weighting, (ii) areal weighting using postcode centroid intensities and (iii) smoothing of outputs obtained using (ii). Each of these approaches is outlined in turn.
Areal weighting
Areal weighting entails the overlay of the source zones, s (EDs, OAs or SAs), and target zones, t (1 km grid cells), and the proportional allocation of the source zone population to the target zones which it overlays: whereẑ t is the estimated population for the target zone t, A st is the area of the zone of intersection between s and t and A s is the area of source zone s. Overlay provides the basis of the first stage of the procedure used in this paper.
Areal weighting using postcode centroid intensities
While Eq. (1) is based solely on areas, ancillary data can be used to enhance the reallocation process by providing information on variations in population densities within source zones. In this study, postcode centroid intensity was used to determine weights to assign to overlapping areas of source (e.g., OAs) and target (1 km grid cells) areas. The estimation procedure applies these weights, λ, as follows (Gregory & Ell, 2005) :
whereẑ st is the estimated population for the zone of intersection between s and t and A st is its area; λ j(c) is the weight for the specified control zone; λ j(k) is the weight for zone of intersection k and A sk is the area of the zone of intersection k within source zone s and there are N zones of intersection. The weights are determined using kernel intensity estimation (KE), which provides an estimate of the intensity of a set of points (here postcode centroids) for a regular grid. The intensity values can be used to determine what proportion of the population of a source zone (e.g., OA) should be reallocated to an overlapping grid cell. This was implemented in ArcGIS with a kernel function based on the quartic kernel function (Silverman, 1986, p. 76) . The procedure was as follows:
1. Computed 1 km intensity grid using KE (for a 750 m, 1 km, 1.5 km, 2.5 km, or 3.5 km search radius) 2. Converted the raster grid derived from (1) into a vector grid (by overlay of raster cell centroids and joining these to the 1 km vector grid) 3. Overlaid vector grid with source zones (SAs/EDs/OAs) 4. Determine population of areas of intersection (SA/ED/OA and 1 km grid cell) using areal weighting following Eq. (2) (weights are postcode centroid intensities which are constant across 1 km cells) 5. Aggregate population estimates for areas of intersection by grid cell, giving population estimates for 1 km cells.
Smoothing gridded values
An additional step considered following stage 5 above was to smooth cell values using a 3 by 3 cell smoothing filter. Smoothing is used to allow values to vary between adjacent grid cells contained completely within the same source zone, while ensuring that the sum of the grouped cells remained the same so that the total population is unchanged. The amount of smoothing varies: spatially more variable population attributes, such as LLTI, will change more (proportionately) after smoothing than those which are more continuous (e.g., ethnicity) (see Lloyd, 2017) . This is theoretically desirable as it prevents the counts of different variables drawn from the same source zone being distributed identically across the grid cells within the source zone, better reflecting the reality 'on the ground' within each source zone (see Lloyd, 2015 for a relevant discussion). Grid cells split across multiple source zones do not require smoothing as the counts for each variable already derive a distinct grid cell geography from their variation over the source zones contributing to the grid cell.
A point-based approach to smoothing was adopted to allow rescaling of the grid cell populations so that their sum matches the population of the source zone in which they are located. The alternative, also smoothing cells which overlap more than one source polygon, makes it problematic to ensure that people are not allocated to a cell outside of the relevant source zone, since there is no direct means of rescaling the population locally after smoothing.
One downside of the smoothing process adopted is that the nonsplit cells may end up with denominators which sum to a different amount than the sum of the numerators -e.g., for housing tenure: HH (households) owner occupied + HH private rented + HH social rented does not necessary equal HH total. Even so, we feel that this approach is conceptually superior to an approach which does not smooth grids on a variable-by-variable basis, particularly bearing in mind that the total population or total households derived from different sets of counts will generally vary by only a very small amount. Taking one test as an example, for ethnic groups in 1991 the maximum difference between the summed numerators, using eight ethnic groups, and the total population for any 1 km cell was five people.
Testing models using existing grid data
Pre-existing gridded data for Northern Ireland (NI) were used as the basis for testing gridding methods. In this case, population grids were generated from small areas (SAs) using several variants of the surface modelling approach, and accuracy of the estimates was assessed by subtracting the estimates from the observed grids and exploring the resulting error grids. The approaches used were:
• Basic areal weighting: overlay of SAs and 1 km grid and estimate of grid population using proportion of SA falling in each 1 km cell (see Eq.
(1)) • Postcode intensity weighting using kernel bandwidths of 750 m, 1.0, 1.5, 2.5 and 3.5 km (Eq. (2)) • As previous, for 1.0 km bandwidth (corresponding to smallest estimation errors for the bandwidths assessed), with the end result smoothed.
Testing comprised two stages, one using total household (HH) counts and one using counts of Catholics and persons with a LLTI (for the reasons detailed in Section 2.1). The first stage was used as HH counts were the only variable available at all locations for the 2011 NI grid square product. For other variables, counts were provided only for cells that contain at least 30 usual residents in 10 households. The coefficient of determination for total persons versus HH was 0.99, indicating that household counts are a suitable basis for assessing generation of grids which includes counts of persons, as well as households. The testing focuses on the generation of grids for counts of Catholics and persons with a LLTI, but with reference to the results for total HH where appropriate. Table 2 details the error summary statistics for each model and for both counts of Catholics and person with a LLTI. Note that the larger errors for Catholics than for persons with an LLTI are a function of the fact that numbers of Catholics are much greater than numbers of persons with a LLTI. The correlation coefficients suggest strong positive relationships between observed values and estimates in all cases. The root mean square error (RMSE) is taken as a measure of magnitude; this suggests that the use of postcode intensities is beneficial given the much smaller RMSE values for the PC methods than for the basic (areal weighting) method. Further, the specific kernel bandwidth selected clearly has an impact on the accuracy of the results and the 1 km bandwidth corresponds to the smallest RMSE for both counts of Catholics and persons by LLTI.
The errors are smallest for a 1 km bandwidth for total HH, as well as for counts of Catholics and persons with a LLTI, and so this bandwidth was selected. With a smaller bandwidth, populations are concentrated close to postcodes. This is desirable where population densities are high and also where the postcode centroids represent well local population centres. Using 2011 data for Northern Ireland this condition is met in most locations. A bandwidth of 1 km correctly identified a much larger proportion of unpopulated (b 0.5 households) cells than did other bandwidths (81.3% of a total 2561 unpopulated cells compared to 62.9% for a 1.5 km bandwidth). The ability to identify unpopulated cells is crucial in population grid generation and this further justifies the selection of the 1 km bandwidth. An alternative approach which adapts the bandwidth according to postcode centroid density could be assessed. One possible approach would be to use an urban/rural classification to determine kernel bandwidths; a problem with such an approach is that a comparable scheme would be needed for each Census year, but this is not available. Given the complexities of using data for multiple time periods and with different levels of quality this simpler approach was preferred. A refinement to the selected approach (1 km bandwidth estimation of postcode centroid intensities; PC 1 and results for 1.5 and 2.5 km are also shown) was also evaluated: smoothing neighbouring cells which fall entirely with input zones (as described above). Judging by Table 1 , this has minimal impact on the errors, but the smoothing step was retained for generation of population grids for Britain on the grounds that smoothing is conceptually desirable given the different spatial structure of the counts, as analyses of their spatial autocorrelation indicates (see Lloyd, 2017) . These observations hold both for counts of the population by religion and by limiting long term illness (LLTI). Smoothing is likely to have a bigger impact for 100 m grids as more variation and more cells (proportionately) will be smoothed given that they are more likely to be un-split by source zones than are 1 km cells.
The observed grids for Catholics and LLTI generated using PC 1 are shown in Figs. 2a and 3a respectively, while the corresponding errors (estimated values minus observed values) are shown in Figs. 2b and 3b. The observed grids show higher density populations in larger urban areas including Belfast (mid-east) and Derry/Londonderry in the north-west. Empty spaces are found in the more sparsely populated west of NI and in a large patch of the north east (containing the Antrim Plateau) and in the south east (Mourne Mountains). While both maps would be more informative if the counts were expressed as percentages, they are shown as counts for illustrative purposes, since these are the output from the grid generation process. (Of course, percentages can be generated from the derived grids of counts.)
There are no systematic trends in larger errors, although as expected the errors are largest in urban areas since the population densities are higher (see Figs. 2b and 3b) . There is little difference in the spatial distribution of errors between unsmoothed estimates (not shown) and smoothed estimates. For both Catholics and LLTI, there are multiple cases of cells with large positive errors adjacent to cells with large negative errors. These reflect cases of locally large population densities; an obvious example is a tower block. While postcodes help to define internal variations in source zones they do not precisely locate very high density population areas within source zones. As a result, the cell containing the tower block would likely have an under-estimated count, while adjacent cells would contain an over-estimated count. Such a situation could only be avoided by having spatially-detailed information on the precise location of such areas. The results suggest that the modelling procedure provides fairly accurate estimates in most locations (small negative or positive errors), with larger errors in some urban areas. In these later cases, larger errors tend to be localised and thus, in effect, larger errors are only at the 2 km scale. In other words, a grid with a coarser resolution would contain relatively smaller errors. In summary, the approach was considered suitable as a means for transferring population counts from irregular source zones to 1 km grids. However, the nature of the grids for Britain (detailed below) as estimates should be recalled in any study which makes use of them.
Population change in small areas of Britain
The approach developed using NI grid data as a test case was applied to small area (ED or OA-level) data for 1971, 1981, 1991, 2001 and 2011 for counts of total persons for Britain. Estimated total persons for a 1 km grid for 2011 for Britain (with an insert for London) are shown in Fig. 4a , while the differences between these figures and their equivalents for 1971 are in Fig. 4b . The distribution of the population is strongly positively skewed and the choice of colour mapping has a major impact on the contrasts between values in the maps. After experimentation, a linear stretch between the minimum and maximum was used for Fig. 4a while Fig. 4b was produced using a linear stretch based on 2.5 standard deviations. 4 Estimates are shown only for cells which are estimated to contain people (in practice, 0.5 persons or above, noting that fractions of people are possible using this approach). Empty areas accord with expectation; for example, with large unpopulated areas in the Highlands of Scotland. The map of differences (Fig. 4b) contains a considerable amount of information; it shows population decreases in many urban areas including Glasgow, Newcastle, Manchester, Liverpool, Birmingham and central London, with increases in the outskirts of London and other areas across, most notably, the south east of England. A key benefit of grids is that zones are not derived using some prior condition, such as population density in one Census year, which may not be appropriate for another Census year. For example, if an area is sparsely populated and later becomes a site of urban expansion then zones constructed using data for the earlier period will not be suitable for later ones. For this reason the growth in population -e.g. in the outskirts of London -is better represented using fine-grain, density independent grids than it is through the use of irregular densitydependent (and potentially temporally-variable) zones.
For the same reason, grids are also well-suited to measuring changes in population density across the country as a whole. Table 3 Champion (1989) for the period 1971 to 1981, and the longer-term trends observed by Champion (2008) with respect to England. However, grids allow a local scale, more nuanced analysis, of population change than is provided by, for example, district-level analyses.
As well as permitting the analysis of population change using spatially-and temporally-consistent geography, grid cells also support the use of spatial filters and other raster analysis tools. Spatial filters (see Sonka et al., 2015) are commonly used to smooth (reduce contrast in) or sharpen (increase contrast in) images. Filters can be used to, for example, highlight areas of pronounced change, or as a basis for segmentation of areas with similar characteristics. Space prohibits extensive exploration of the application of spatial filters here. Instead, for those unfamiliar with spatial filters we provide one simple example to illustrate the general point. Fig. 5 is a map of local standard deviations computed using 3 by 3 cells to illustrate the application of a standard image processing tool; this is simply the standard deviation computed for a cell and its immediate neighbours. The local standard deviation picks out the edges of urban areas; comparison with Fig. 4a shows that it is effective in highlighting small urban areas which are not clearly apparent in a map of total persons. An extension to such an approach would be to apply it in creating a typology of population change. In addition, alternative local statistics could be computed to capture information on the nature of areas; these could include maxima (maximum cell value in a neighbourhood) or an alternative scheme for picking out edges such as the Laplace operator.
Discussion and conclusions
Testing using data for NI suggested that, not surprisingly, the use of postcodes resulted in much more accurate estimates than were obtained using simple spatial overlay. The kernel bandwidth used proved to be sensitive to population density and the quality of the postcode data available. Overall a 1 km bandwidth was preferred. Smoothing made no difference to the accuracy of estimates, but, we have argued, should be utilised as variables are likely to have differing spatial structures within the same source zone (see, for example, Lloyd, 2016) .
The provisional analyses of grids for Britain for 1971 and 2011 demonstrate the value of being able to explore estimated population change over small areas. The difference maps suggest that there were large decreases in total population in some urban areas, with increases in parts of London and other areas away from the larger cities and towns. The total population grids for each Census year are available via the PopChange web resource (https://popchange.liverpool.ac.uk/). Fig. 6 is a screen dump of the PopChange raster calculation tool showing the difference between the total population in 2011 and in 2001. The PopChange resource enables, for the first time, analysis of small area change in Britain (and the UK as a whole with integration of grid square counts for Northern Ireland) over a forty year period. It will be interesting to see how changes identified using the grid data compare with changes for Britain during the same period found using small area vector geographies (Norman, 2016) . All data generated are freely available, as are tools for undertaking basic analyses and guidance on use of the resource. The resource will enable geographically-and attribute-rich analyses of population change in the UK and, specifically, the ways in which the population has become more or less geographically unequal.
Developments to the population grid resource will be detailed on the project website. This paper has focused on the use of data for 1 km grid squares. Ongoing work is developing 100 m grid cells (using a slightly different procedure) and these grids will also be made freely available in due course; these will enable even more localised patterns to be explored. There are several other obvious ways in which the PopChange resource could be enhanced. More information will be provided on definitions of questions and output categories across a wider range of variables. Additional sources of ancillary information could be used to generate more accurate gridded population estimates. While a consistent approach which was applicable across all Census years was preferred here, 'optimal' grids could be provided where additional ancillary information is available. For recent Census years (especially 2001 and 2011) , detailed land use data, or building outlines as well as postcode area boundaries and address or population-weighted postcodes, could be used to increase the quality of estimates. The OpenPopGrid initiative (Murdock et al., 2015) has produced 10 m population grids for 2011, whereby Ordnance Survey Vector Map District building polygons are used to redistribute counts via dasymetric mapping. PopChange could be enhanced using these data, although equivalent data are not available for earlier Censuses. The NI-based study provided information on uncertainty in estimates, and such information could be used to develop formal models of uncertainty for the estimates so as to better inform users of the limitations of the estimates. Also, more work could be undertaken on the determinants of estimation errors (building on the work of Lloyd & Firoozi Nejad, 2014) . In addition, it would be worthwhile to undertake comparative work on the relative benefits of grid-based estimates as compared to estimates made for sets of consistent irregular zones. Incorporating other data sources such as data on births and mortality as well as on land use change would increase further the utility of the resource. The methods developed in the present study could be applied in other national contexts. Generating population grids across multiple countries would enable meaningful cross-country comparisons for core themes such as urban-rural migration or the geographies of inequalities.
While the resource includes data up to 2011, the most recent UK Census year, software tools are provided to allow users to 'grid' their own data, thereby allowing linkage to other sources of information about the population post-2011, as well as estimates made between Census years. Knowing about population change in local areas, and not just who lives in areas now, represents new opportunities to explore significant unanswered research questions. How has the global recession of 2008 impacted on inequalities across the country? With links to data post-2011, the possible effects of austerity could also be assessed. Political affiliations too are obviously partly a function of area population histories. The PopChange resource offers a means of beginning to deconstruct the geography of Brexit by allowing us to consider the characteristics of 'Leave' and 'Remain' areas, and how such areas differ in terms of their population histories. Are there differences between areas with persistently high levels of deprivation, compared to areas which have undergone considerable recent changes? How far do changes in exposure to diversity in residential areas (as measured by country of birth or ethnicity) relate to political affiliation, or levels of social trust? Such context is vital to understanding how areas and their populations evolve, and there is much that can be learned by combining diverse data sources for multiple time points, as the PopChange resource is beginning to show.
Much is written about 'Big data' and the possibilities that exciting new datasets offer for addressing major societal questions. Yet much more can be done to chart the social, demographic and economic trajectories of small areas using data which were collected a generation ago and more. Beyond its academic potential, the resource offers considerable opportunities for influencing public discourse and informing policy action. PopChange engages public users; members of the public can explore their local neighbourhoods: where has the population has grown or shrunk in the last 40 years? What has happened to neighbourhood unemployment levels? It will help researchers to explore the relationships between health status and long-term deprivation, and policy-makers to assess the success of local intervention strategies, as well as to suggest new ways of targeting resources. The resource brings a new and important perspective to debates about divisions, inequalities and the ways in which people in the UK live together or apart.
